The pharmacokinetic profiles of imipenem after intramuscular (i.m.) and intravenous injections were examined in adult volunteers. Levels of imipenem in serum after i.m. injection of a microcrystalline suspension of imipenem-cilastatin (500 mg each) reached a peak (8.0 ,ug/ml) at 1.5 h after administration, and concentrations were maintained in excess of 1.5 pg/ml for 6 h. Serum elimination half-life (1.3 h), volume of distribution (14.5 liters), and area under the curve (AUC; 27.8 ,ug h/ml) after i.m. injection did not significantly differ from those of a comparable dose given by intravenous infusion. Bioavailability after i.m. injection was 89%o. Imipenem levels in skin window fluid after i.m. administration were maximal (4.3 pg/ml) at 4 h after injection, at which time imipenem concentrations exceeded those produced by intravenous infusion.
MATERIALS AND METHODS Subjects. Human adult males ranging from 21 to 48 years of age whose body weights were within 10% of ideal were recruited for this study. Written informed consent was obtained from each volunteer according to institutional guidelines, and the study was approved by the Akron City Hospital Research Committee. Physical examination, complete blood counts, urinalysis, and blood chemistry studies (including electrolytes and liver and renal function tests) were all within normal limits.
Drug. The drug was supplied by Merck Sharp & Dohme Research Laboratories (Rahway, N.J.) in vials containing 500 mg of imipenem and 500 mg of cilastatin. In the first two experiments, imipenem plus cilastatin (1:1) was given via an indwelling heparin lock in a forearm vein at a dose of either * Corresponding author. 500 or 1,000 mg in 100 ml of sterile saline delivered over a 30-min period by a constant-delivery infusion pump. This method of infusion was chosen because it closely resembled the protocol followed in a clinical setting. In the third experiment, a microcrystalline suspension of imipenem with cilastatin (500 mg each) was given as a single i.m. injection in a buttock. Ten volunteers received the 1,000 mg i.v. dose. Eight of these returned to participate in the 500-mg i.m. testing, while four returned to receive the 500 mg i.v. dose. The testing periods were separated by drug-free intervals of 7 days.
Sampling of body fluids. Whole blood was obtained from the antecubital vein on the side of the body opposite that used for i.m. injection or i.v. infusion. Blood samples were collected at 0, 0.5, 1, 1.5, 2, 3, 4, 5, and 6 h after the onset of drug administration. Blood was collected in sterile glass tubes and allowed to clot, and serum was promptly separated from blood cells by centrifugation at 1,400 x g. Within 1 h of collection, all specimens were mixed with an equal volume of stabilizing buffer (1 part 1 M morpholinoethane sulfonate buffer, pH 6, and 1 part ethylene glycol) and stored at -70°C until assay. Cutaneous-tissue fluid was obtained by using the skin window technique previously described by Tan et al. (12) with modifications. In brief, a small area (approximately 1 cm2) of skin on the medial forearm was cleansed with ethyl alcohol, and the epidermis was removed by scraping with a scalpel blade. The exposed wound was covered with a sterile stainless-steel chamber fitted with a self-sealing rubber septum. One hour prior to administration of drug, 1 ml of sterile isotonic saline was injected into the chamber. Thereafter, approximately 0.1 ml of skin window fluid was removed from the skin window chamber to assay imipenem at each sampling period (0, 0.5, 1, 1.5, 2, 3, 4, 5, and 6 h).
Drug measurement. Imipenem concentrations in serum and skin window fluid were analyzed by the well agar diffusion technique described by Bennett et al. (1) . A spore suspension of the indicator organism Bacillus subtilis (Difco Laboratories, Detroit, Mich.) was used to inoculate the bacterial lawn used for the assay. Drug-free serum was used as a diluent for known standard concentrations (20, 10, 5, 2.5, 1.25, and 0.625 ,ug/ml) when serum was assayed. The interassay and intraassay coefficients of variation for these imipenem standards in serum ranged from 4.2 to 7.5 and 1.2 to 2.8%, respectively. Experimental serum samples which exceeded 20 jig of imipenem per ml were diluted 1:10 with drug-free serum, and samples which fell below the lowest imipenem standard were extrapolated along the linear regression standard curve. Phosphate-buffered saline (0.1 M, pH 6) was used as a diluent for standards and skin window fluid specimens. The interassay and intraassay coefficients of variation for the buffered-saline-diluted standards (as described above for serum) ranged from 5.2 to 8 and 1.2 to 1.9%, respectively. All experimental samples were tested in four replicates. The lowest reproducible estimated imipenem concentration recorded for each specimen was 0.2 ,ug/ml. Kinetic analysis. Pharmacokinetic parameters of the serum and skin window fluid imipenem concentration-time curves were derived from an analysis of the mean values for individual volunteers. Semilogarithmic transformation of the serum imipenem elimination data was analyzed by using one-and two-compartment modeling (7). In both cases, elimination rate constants (,) were obtained from leastsquares regression curve fitting of the terminal portion of the plot (11) . In the case of data for i.m. administration of drug, time points at 4, 5, and 6 h were used for this estimation to avoid curve bias due to the drug absorption phase. Elimination half-life (tl,2,,) and apparent volume of distribution (V = dose/CO, where CO is the time zero intercept of the plot of back-extrapolated concentration in serum versus time) were estimated by assuming single-compartment models. Trapezoidal rule integration of the area under the curve (AUC) for plots of imipenem concentrations in serum and skin window fluid versus time was calculated over the 6-h sampling period (11) . Bioavailability (f = AUCi.m. -D.,./AUC1. ,. Di.m,) was calculated by using the largest sample groups (1,000 mg i.v. and 500 mg i.m.). Percent penetration of imipenem into skin window fluid was calculated as (AUCSkin window/ AUCSe,,.m) x 100 for each route of administration. Results are expressed as mean ± standard deviation, and where appropriate, statistical evaluations were performed by using analysis of variance (11) .
RESULTS
Administration of imipenem-cilastatin i.v. and i.m. was generally well tolerated by the volunteers; however, three subjects (two after 1,000 mg i.v. and one after 500 mg i.v.) experienced epigastric discomfort, diaphoresis, and/or orthostatic hypotension. Ten subjects received a 30-min constant i.v. infusion of 1,000 g each of imipenem and cilastatin, and a semilog transformation of the curve for concentration of imipenem in serum versus time was characterized by a combined distribution-elimination phase during the first 2.0 h after initiation of infusion followed by a reduction in the slope of the curve connecting time points from 2 to 6 h (elimination phase) (Fig. 1) . The The monophasic log plot of concentration in serum versus time resulting from a 500-mg 30-min i.v. infusion was more adequately described by using single-compartment modeling (Fig. 1) Imipenem in skin window fluid reached a peak concentration of 14.9 ± 3.8 p.g/ml at 2 h after the onset of a 1,000-mg imipenem infusion (Fig. 2) . The curve for imipenem concentrations in skin window fluid versus time for the 500-mg i.v. dose was similar to that produced by the higher dose, though achieving proportionally lower peak levels in skin window fluid (8.6 ± 1.3 ,g/ml) at 1.5 h. In comparison with i.v. dosing, a 500-mg i.m. dose of imipenem resulted in peak levels of imipenem in skin window fluid (4.3 ± 2.2 ,g/ml) at 
DISCUSSION
The pharmacokinetics of imipenem in serum and skin window fluid were studied after i.v. and i.m. injection of imipenem-cilastatin. The study was performed in a nonrandomized block design that under some circumstances could result in sequence bias. Volunteers in this study received imipenem-cilastatin on three occasions, differing by dose or route, separated by 1-week drug-free intervals. There was no evidence that this particular design resulted in significant bias.
In serum, the tl2,, AUC, and Vof imipenem after a 30-min constant i.v. infusion were similar to what has previously been reported for healthy adults (3, 4) . The i.m. route, however, resulted in a curve for concentration of imipenem in serum versus time that was slower to reach a peak than the curve for the i.v. route yet maintained imipenem levels in excess of those resulting from a 500-mg i.v. dose for nearly 5 h postinjection and greater than those observed following a 1,000-mg i.v. dose for at least 3 h. This phenomenon can be explained by the fact that the imipenem-cilastatin i.m. dose is injected as a microcrystalline suspension. As tends to distort the curve for concentration in serum versus time, resulting in a shallower elimination slope and a reported increase (from 1 h i.v. to 2.5 h i.m.) in the apparent t112 of the drug (6) . On the other hand, using the most terminal points (h 4 to 6) of the concentration-versus-time curve, we have calculated the serum t112 for imipenem after i.m. injection to be 1.3 h. The basis for this discrepancy is not clear. Nevertheless, peak concentration in serum (8.0 ,ug/ml) and bioavailability (89%) after a 500-mg i.m. dose were similar to what has previously been reported (6) .
Imipenem concentrations in skin window fluid peaked within 1.5 to 2.0 h after i.v. dosing. Although the peak concentration in skin window fluid (8 ,ug/ml) was similar to those reported for an identical dose in humans when the cantharides-induced blister fluid technique was used (7 ,ug/ ml) (13), imipenem appears not to distribute as rapidly to skin window fluid as it does to inflammatory fluid. The slower distribution of antibiotic into the skin window fluid may have resulted from between-volunteer variation in the skin surface area prepared for the sampling chamber as well as from variations in the depth and uniformity of epidermis removal. This may also explain the high degree of variability that was observed in the percent penetration data for skin window fluid.
Injection i.m. resulted in imipenem levels in skin window fluid that, like those in serum, were delayed in reaching a peak concentration that was on the average lower than those achieved by the i.v. route. However, the i.m. depot did maintain levels in skin window fluid between 3 and 5 ,ug/ml for over 4 h postinjection, with an estimated 68% of the AUC for serum penetrating the cutaneous fluid, which corresponds well with the 68% penetration of imipenem into cantharides-induced skin blister fluid after i.v. administration, as reported by Wise et al. (13) . These data indicate that imipenem penetrates skin tissue fluid well compared with other beta-lactam antibiotics such as carbenicillin, cefoxitin, ceftriaxone, or flucloxicillin (13) .
Concentrations of antibiotics in serum and skin window fluid can be used to predict therapeutic efficacy for systemic and localized skin infections. Table 2 shows that an i.m. injection of 500 mg of imipenem resulted in antibiotic levels in serum that exceeded the MIC for 90% for strains (MIC90) of highly susceptible organisms (MIC90 up to 6.0 ,g/ml) for as long as or longer than those resulting from either i.v. dose. This analysis suggests that for systemic infections due to highly susceptible organisms, i.m. administration of 500 mg of imipenem-cilastatin may be equally or more efficacious than a higher dose given by the i.v. route.
Levels of imipenem in skin window fluid after i.m. dosing exceeded the MIC90s for highly and moderately susceptible organisms for less time than imipenem given i.v. In fact, after i.m. dosing, imipenem in skin window fluid did not reach levels commensurate with eradication of more resistant organisms. Higher imipenem levels in skin window fluid after i.v. infusion were most likely due to a greater driving force for diffusion. The results of this study support the use of i.m. imipenem preparations in lieu of i.v. administration for susceptible organisms and when the i.m. route is appropriate for the clinical setting. For all but the most resistant organisms, a 500-mg i.m. dose of imipenem results in imipenem concentrations in serum and skin tissue fluid in excess of the MIC9E for susceptible organisms for more than 6 h after injection. Even as the levels of imipenem in serum or cutaneous tissue fluid fall below the MIC90 for a susceptible organism (i.e., between twice-daily doses), the levels would be maintained for sufficient time to facilitate the postantibiotic effect for a number of common pathogens (Pseudomonas aeruginosa, Escherichia coli, Staphylococcus aureus) (2, 8) . Indeed, clinical studies which show excellent eradication of both systemic and soft tissue (skin) infections by use of i.m. injections (500 mg of imipenem-cilastatin every 12 h) (5, 9) support our claims. On the basis of this information, i.m. preparations of imipenem-cilastatin should be more frequently considered for the treatment of susceptible systemic and skin infections.
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